Co-production of valuable hydrogen and carbon nanotubes (CNTs) has obtained growing interest for the management of waste plastics through thermo-chemical conversion technology. Catalyst development is one of the key factors for this process to improve hydrogen production and the quality of CNTs. In this work, Ni/SiO 2 and Fe/SiO 2 catalysts with different metal particle sizes were investigated in relation to their performance on the production of hydrogen and CNTs from catalytic gasification of waste polypropylene, using a two-stage fixed-bed reaction system. The influences of the type of metals and the crystal size of metal particles on product yields and the production of CNTs in terms of morphology have been studied using a range of techniques; gas chromatography (GC); X-ray diffraction (XRD); temperature programme oxidation (TPO); scanning electron microscopy (SEM); transmission electron microscopy (TEM) etc. The results show that the Fe-based catalysts, in particular with large particle size (∼80 nm), produced the highest yield of hydrogen (∼25.60 mmol H 2 g −1 plastic) and the highest yield of carbons (29 wt.%), as well as the largest fraction of graphite carbons (as obtained from TPO analysis of the reacted catalyst). Both Fe-and Ni-based catalysts with larger metal particles produced higher yield of hydrogen compared with the catalysts with smaller metal particles, respectively. Furthermore, the CNTs formed using the Ni/SiO 2 -S catalyst (with the smallest metal particles around 8 nm) produced large amount of amorphous carbons, which are undesirable for the process of CNTs production.
Introduction
Plastics are one of the most widely-used and multi-purpose materials. Due to increasing demand, global plastics production has continuously grown to 322 million tonnes in 2015, indicating a nearly 60% increase compared to the level in 1990 [1] . Recycling, energy recovery and landfill are the three main treatment options for plastics waste. At the moment, landfill is still largely used (∼31 wt.%) in many EU countries, causing significant environmental problems and wasting the energy stored inside the plastics [2] . Therefore, converting waste plastics into valuable products e.g. hydrogen enriched syngas is promising as an alternative method for the management of waste plastics.
Hydrogen is a clean and efficient energy carrier and considered as an alternative fuel for the future. It is known that the use of catalysts is key to maximize the production of hydrogen during the thermochemical conversion process [3] [4] [5] [6] . Many catalysts have been studied to improve hydrogen production from gasification of waste plastic. For example, Nanioka et al. [7] used Ru based catalysts to enhance hydrogen production from steam gasification of polystyrene using a fixed-bed reactor. A two-stage continuous reactor was used to optimize process conditions including reaction temperature and weight space velocity for gasification of polypropylene using Ru based catalysts [8] . In addition, Elordi et al. [9] used HZSM-zeolite with different ratios of SiO 2 /Al 2 O 3 as catalyst to investigate coke formation during hydrogen production from gasification of mixed plastics waste. However, it is known that noble-based catalysts are expensive for gasification of waste plastics. Cost effective Fe, Mo, Co and Ni supported on SiO 2 , Al 2 O 3 , and MgO are effective catalysts for hydrogen production through hydrocarbon reforming reactions [10, 11] . For example, high H 2 (29.1 wt%) yield was produced from polystyrene gasification by using Ni-based catalysts [12] . However, the formation of coke on the surface of catalysts and the problem of catalyst sintering are the two main challenges for the development of catalysts for the process. Ni catalysts supported on different metal oxides including Al 2 O 3 , ZrO 2 , TiO 2 , MgO and Ce m O 2 and Cu/Mg/Al have been investigated with the aim to reduce the formation of coke on the surface of the reacted catalyst [13] [14] [15] .
In addition, several co-precipitated nickel-based catalysts have been investigated for hydrogen production from pyrolysis-gasification of polypropylene. Ni-Al (molar ratio 1:2) and Ni-Mg-Al (molar ratio 1:1:2) catalysts were found to show the most enhanced catalytic effectiveness in terms of H 2 production and the prevention of coke formation [16] [17] [18] . However, the formation of carbon on the reacted catalyst is largely un-avoidable. Producing carbon nanotubes (CNTs) together with hydrogen from waste plastics seems to be a promising development to maximize the economic feasibility of the process. CNTs are valuable materials having specific mechanical and electronic properties and has broad applications in the fields of energy and environmental protection [19, 20] .
Ni-Al catalysts doped with Ca and Zn have been investigated for the production of both hydrogen and CNTs from waste plastics [21] .
Compared to Ni/Ca-Al catalyst, Ni/Zn-Al catalyst have been reported to produce higher yields of H 2 , but with less production of CNTs, due to the promotion of catalytic interactions between steam and carbon containing compounds [16, 21] . Zhao et al. [22] produced CNTs with uniform diameter and high quality using Ni-loaded catalysts from the reforming of ethanol. Ago et al. [10] synthesised CNTs with Ni and Febased catalysts supported by MgO using CH 4 as feedstock, and found that it was difficult to produce CNTs from Ni-based catalysts; they suggested that Ni-based catalysts had low metal diffusivity and carbon solubility.
The formation of CNTs depends on experimental parameters such as, catalyst particle size [23] and it has been suggested that the size of metal particles used in chemical vapor deposition could define the diameters of the CNTs growth [24] . For example, Baker et al. [25] and Kim et al. [26] reported that the growth of carbon nanotubes was governed by associated catalytic particles. However, there are few studies concerned with using Ni and Fe based catalysts for producing CNTs using waste plastics as feedstock. This work aims to investigate the influences of the types of metal (Fe and Ni) and the particle size of the metals on the catalyst in relation to the production of CNTs and hydrogen from thermo-chemical conversion of waste plastics.
Materials and methods

Materials
The raw material plastic used in this research was waste polypropylene (PP) pellets with 2 mm diameter obtained from regain polymers Ltd. Ni/SiO 2 and Fe/SiO 2 catalysts were synthesised by a sol-gel method. During the preparation of the catalysts, the required amount of Ni (NO 3 ) 2 ·6H 2 O or Fe(NO 3 ) 3 ·9H 2 O and tetrathoxysilane (TEOS) were dissolved in ethanol. The mixture was stirred for one hour at a temperature of 60°C, and dried at 100°C overnight. The obtained catalyst precursors were calcined in N 2 and air, respectively, at 750°C with 10°C min −1 heating rate for 3 h. All the catalysts used in this study were reduced under H 2 for 1 h prior to the experimental tests. Finally, the prepared catalysts were ground and sieved to particle sizes below 50 μm. Catalysts calcined in N 2 were designated as 'S' as an indication of the catalyst with small metal particles, and calcined in air were designated as 'L' indicating large metal particles.
Gasification of plastics waste using Ni and Fe-based catalysts
A two-stage catalytic-gasification reaction system consisting of a plastic pyrolysis stage and a catalytic gasification stage was used in this study. In each experiment, when the catalytic temperature was stabilized at desired temperature, about 1 g waste polypropylene was pyrolysed inside the first stage which was heated from room temperature to 600°C. The vapours produced from pyrolysis passed the second reaction stage where 0.4 g catalyst was located. The second catalytic stage temperature was 800°C. N 2 was used as carrier gas with 80 ml min −1 flow rate. The total reaction time was 50 min. Two condensers were used to trap the condensable products including water and dry ice condensation. The non-condensed gases were collected by a 25 L Tedlar™ gas sample bag for further analysis. The collected gas samples were analyzed off-line by two groups of gas chromatographs (GC). Hydrocarbons (C 1 -C 4 ) were analyzed using a Varian 3380 gas chromatograph with a flame ionization detector, a 80-100 mesh HayeSep column and nitrogen as carrier gas. The permanent gases including hydrogen, oxygen, carbon monoxide and nitrogen, were analyzed by a second Varian 3380 GC with two separate columns, using a 60-80 mesh molecular sieve column with argon carrier gas, whilst carbon dioxide was analyzed with a HayeSep 80-100 mesh column.
Characterization of fresh and reacted catalysts
The BET (Brunauer, Emmett and Teller) surface area of each catalyst was determined by nitrogen adsorption experiments using a Quantachrome Corporation (FL, US) Autosorb 1-C Instrument. A high resolution scanning electron microscope (SEM) and a transmission electron microscope (TEM) were used to study the surface morphology of the Ni-and Fe-based catalysts, and the diameters of metal particles had also been analyzed by TEM. Fresh and reacted catalysts were characterized by X-ray diffraction (XRD), and the data was analyzed with Stoe IPDS2 software. Temperature programmed oxidation (TPO) of the reacted catalysts was analyzed to obtain information of coke formation on the surface of the reacted catalyst and the reducibility of the fresh catalysts was determined using temperature programmed reduction (TPR) with a thermogravimetric analyser (TGA) STA-780 series. During the TPO analysis, around 10 mg of the reacted catalyst was heated in an atmosphere of air at 10°C min −1 to a final temperature of 800°C. For the TPR analysis, the fresh catalyst was heated at 40°C min -800°C in an atmosphere consisting of a gas mixture 5 vol. %H 2 and 95 vol. %N 2 with 50 ml min −1 flow rate.
Results and discussion
Characterizations of the fresh catalysts
XRD results of the Ni-and Fe-based catalysts are shown in Figs. 1 and 2, respectively. From Fig. 1 , the presence of NiO and Ni are shown in both Ni-based catalysts. The fresh Ni/SiO 2 -L catalysts showed four main sharp NiO peaks at 37°, 43°, 64°and 71° [27, 28] . Weak Ni diffraction peaks were observed in the Ni/SiO 2 -S catalyst at 44°and 52° [ 29] . It is indicated that large Ni-based species are present in the Ni/ SiO 2 -L catalyst, while small Ni-based species were found in the Ni/SiO 2 -S catalyst. In addition, a diffraction peak at 27°was observed indicating the presence of graphite carbon on the surface of the reacted Ni/SiO 2 catalyst. As shown in Fig. 1 , sharp diffraction peaks of Ni were observed for the Ni/SiO 2 -L-reacted catalyst, compared with the Ni/SiO 2 -Sreacted catalyst, indicating that larger Ni particles were produced in the reacted Ni/SiO 2 -L catalyst as expected. Fig. 2 shows the presence of Fe 3 O 4 [30] on the fresh and reacted Fe-based catalysts, suggesting that Fe 2 O 3 particles contented in the fresh Fe/SiO 2 catalyst were reduced during the thermo-chemical conversion process. Diffraction of graphite carbon was also observed for the reacted Fe/SiO 2 catalysts with small and large metal particles. Furthermore, compared to the Fe/SiO 2 -S, sharp diffraction peaks were observed for the Fe/SiO 2 -L catalyst, supporting that large metal particles were formed in the Fe/SiO 2 -L catalyst.
Results of TPR analysis for the fresh Ni-and Fe-based catalysts were shown in Fig. 3 . The first reduction peak for the Fe-based catalysts appeared at temperature between 380 and 450°C, ascribed to the reduction of Fe 2 O 3 and FeO. The second reduction peak for the Febased catalysts was shown at temperature around 600°C, which was attributed to the further reductions of Fe 2+ [30] . High reduction temperature (around 590°C) was observed for the Ni-based catalyst, which might be due to that Ni particles were much smaller compared with Fe-based particles. It was reported that higher temperature was required to reduce catalysts with small metal oxide particles [31] .
As measured from TEM micrographs (Fig. 4A-D) , the diameter of metal particles of the fresh catalyst (Fig. 4a-d) was around 85 nm for (Fig. 3) , where much higher temperature was required [32] [33] [34] [35] [36] [37] [38] [39] for the reduction of the Ni-based catalysts compared with the Fe-based catalysts. In addition, from the TEM analysis, the Fe-based catalysts show larger particle sizes than the Ni-catalysts.
Gas yield and composition
Table summarizes the influence of different catalysts on the production of gas and hydrogen, as well as the yield of carbon from the catalytic thermo-chemical conversion of waste plastic. Regarding the yield of hydrogen production, the following trend was observed: Fe/ SiO 2 -L > Ni/SiO 2 -L > Ni/SiO 2 -S > Fe/SiO 2 -S (Table 1) . It seems that the catalyst with large particle size was more effective for H 2 production in this work, when the same metal based catalyst was used. For example, hydrogen production was increased from 15.40 to 25.60 (mmol g −1 plastic), when the catalyst was changed from the Fe/SiO 2 -S to the Fe/SiO 2 -L catalyst. The hydrogen yield was also increased from 18.10 to 22.60 (mmol g −1 plastic), when the catalyst was changed from the Ni/SiO 2 -S to the Ni/SiO 2 -L catalyst. In addition, hydrogen concentration was around 41 vol.% using catalysts with small metal particles, and was increased to around 50 vol.%, when the catalysts with large metal particles were used for polypropylene gasification. The enhanced hydrogen production with the increase of metal particle size corresponds to the reduction of CH 4 concentration from 39.16 to 22.70 vol. %. Similar trend is also observed for the Ni-based catalyst, as the reduction of Ni particle size resulted in a reduction of CH 4 concentration from 43.50 to 38.31 vol.%. Hydrogen production in this work was similar compared to a previous study (∼20 mmol H 2 g −1 sample) using
Ni-Mg-Al catalyst for thermo-chemical conversion of polyethylene under N 2 atmosphere [32] . However, the hydrogen production was much lower than literature using steam gasification [33] , when steam contributed a large fraction of hydrogen source An increase of particle size of Pt from 2.97 to 3.56 nm resulted in an increase of gas yield during catalytic steam reforming of glycerol, when 5% Pt/C-black catalysts were used [34] . However, catalyst with smaller Ni-particles was reported to produce higher yields of gas and hydrogen, when various Ni/MCM-41 catalysts were used for gasification of biomass; it was reported that small metal particles resulted in a better dispersion of active sites [35] . When mesoporous SBA-15 support was used with 5 wt.% metal loading for dry reforming of methane, catalyst with smaller metal particles (∼5 nm) was reported to have higher metal dispersion and exhibited excellent catalytic activity for methane conversion and catalytic stability, compared with same metal loading catalysts with larger Ni particles (∼9 nm) [36] . Herein, it is suggested that the influence of metal particle size on gas and hydrogen production might be related to the feedstock and the support of catalyst. Compared to the previous report using biomass and MCM-41 as catalyst support, in this work, waste plastic was used with disordered SiO 2 as catalyst support. However, the better performance of the catalysts with larger metal particle sizes in relation to hydrogen production might be also due to the higher pore volume of the catalysts, compared to the catalyst with smaller metal particle sizes. For example, the total pore volumes of the Fe/SiO 2 -Lfresh and the Fe/SiO 2 -S-fresh catalysts are 0.287 cm 3 , respectively. Smaller metal particles might block the pores inside catalyst. Thus, for the Fe/SiO 2 -S-fresh catalyst, the diffusion of volatile molecules inside the catalyst was limited, resulting in a lower production of hydrogen.
In this work, the ion-based catalyst with large Ni particles produced the highest production of hydrogen. Nickel-based catalysts have been reported to promote hydrogen yield compared to iron based catalysts during hydrogen production from catalytic steam reforming of ethanol [37] . In addition, nickel catalysts are widely studied for hydrogen production compared to iron, however, in this study, the Fe/SiO 2 -L has shown better performance in terms of hydrogen production compared with the nickel catalysts. Iron based catalyst has also been reported to have higher hydrogen production compared to nickel based catalyst, when different metal based catalysts were investigated for hydrogen production from pyrolysis of plastics feedstocks. [38] . Therefore, it is suggested that a large amount of carbon formation could result in a high yield of hydrogen due to hydrocarbon decomposition reactions, as shown in Eq. (1) . As shown in Table 1 , the Fe/SiO 2 -L catalyst produced the highest yield of carbon (29% in relation to the weight of plastic), while the Ni-based catalysts produced a relative low yield of carbon (16 wt.%). a Obtained from the weight difference of the reactor tube before and after experiment. 
3.3. The production of CNTs 3.3.1. The influence of metal species on CNTs production The reacted Fe-and Ni-based catalysts were analyzed by TPO experiments (Fig. 5 ) and DTG curves (Fig. 6) . Three stages of carbon oxidation were identified: i) amorphous carbons (∼550°C), ii) filamentous carbons with small diameters (∼660°C) and iii) filamentous carbons with large diameters (∼730°C) [10] . The reacted Ni/SiO 2 -S catalyst showed significant weight loss at low temperature (∼400°C) compared to the other catalysts, clearly been seen from DTG curves (Fig. 6) , suggesting that high amounts of amorphous carbons were formed using the Ni/SiO 2 -S catalyst. SEM analysis (Fig. 7) of the reacted catalysts confirms that the morphology of the CNTs formed on the surface of the Ni/SiO 2 -S catalyst was poor compared to the other reacted catalysts.
From Figs. 5 and 6, the oxidation temperature of graphite type carbons (after 600°C) formed on the reacted Fe/SiO 2 -L catalyst was higher compared to other catalysts. This is also consistent with the carbon yield as shown in Table 1 , where the Fe/SiO 2 -L catalyst resulted in the highest yield of carbon. Fe has been reported to be preferable for the precipitation of graphitic carbons instead of amorphous carbon during the thermo-chemical conversion of polypropylene [29] . In addition, there was slightly weight increase from 400°C for the Fe/ SiO 2 -L and Fe/SiO 2 -S catalysts (Figs. 5 and 6 ), that could be resulted from the oxidation of Fe 3 O 4 in the TPO process. However, in this work, it is suggested that the oxidation of metallic metal was not significant in the TPO analysis.
Similar results were found by Lee et al. [39] who studied CNTs growth with Ni, Fe and Co catalysts on a silica support using C 2 H 2 as feedstock; they reported that Fe-based catalyst produced the highest quality CNTs with homogeneous distributions. It is suggested that the interaction between catalytic metals and support played a key role in the growth of CNTs. A weak interaction between metal and catalyst support was suggested to promote the growth of CNTs, while a strong interaction restricted the availability of metal particles and thus prohibited the production of CNTs [40] . According to the tip-growth mechanism, metal particles are involved in the growth of CNTs. The stronger metal-support interaction that occurs; the less metal particles are available to grow CNTs. In contrast, too weak a metal support interaction might cause the sintering of metal during high temperature reactions. The stronger interaction between Ni particle and SiO 2 support (higher reduction temperature was required for Ni-based catalyst as shown in Fig. 4 ) might be ascribed to the poor production of CNTs in this work. Previously, we [38] investigated the production of CNTs from gasification of plastic using Fe, Ni, Co and Cu-based catalyst and reported that Fe-based catalyst produced CNTs with better quality in terms of the yield and purity. Carbon solubility was suggested as an important factor governing CNTs production, the driving force for CNTs growth was enhanced with the increase of carbon solubility [41, 42] . The large carbon solubility of iron particles might be responsible for the better performance during the formation of CNTs [43, 44] .
3.3.2. The influence of metal particle size on CNTs production TEM analysis (Fig. 8 ) for the reacted catalysts shows that the diameter of CNT is about 98 nm for the Fe/SiO 2 -L, 50 nm for the Fe/ SiO 2 -S, 23 nm for the Ni/SiO 2 -L, and 18 nm for the Ni/SiO 2 -S, respectively. Compared to the metal particle size of the fresh catalysts (Fig. 4) , the same order of metal particle size has been observed with Fe/SiO 2 -L (85 nm) > Fe/SiO 2 -S (29 nm) > Ni/SiO 2 -L (13 nm) > Ni/SiO 2 -S (8 nm). Therefore, it is demonstrated that the diameters of 
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Journal of Analytical and Applied Pyrolysis 125 (2017) [32] [33] [34] [35] [36] [37] [38] [39] CNTs grown depends on the metal sizes of catalysts. As shown in Table 1 , the yield of carbon was increased from 26.00 to 29.00 wt.%, when the Fe/SiO 2 -L catalyst was used, compared to the Fe/SiO 2 -S catalyst. In addition, the carbon production was also increased using the Ni-based catalyst, when the size of metal particles was increase from around 8 nm to 13 nm (Fig. 4 and Table 1 ).
Large metal particle size was reported to generate increased yield of carbon deposition on reacted catalyst during catalytic steam reforming of ethanol [45] . The authors proposed that carbon formation was related to a lower fraction of terrace atoms corresponding to a reducing number of unsaturated metal surface atoms, when catalyst with large metal particles was used during the ethanol steam reforming process. The formation of carbon during catalytic conversion of hydrocarbons was also suggested to require relative large domains of flat terraces of metal particles [46] . Chen et al. [47] . investigated the influence of Ni particle size on the production of carbon fibers through methane decomposition. They concluded that an optimal metal size of Ni (∼34 nm) was found to be effective for the growth of carbon nanofibers, because smaller Ni particles resulted in a high saturation and a low diffusion of carbon atoms and thus leading to a low production of carbon nanofibers. Furthermore, they suggested that a slow decomposition of hydrocarbons on the surface of metal particles was observed when large crystal Ni particles were presented due to the low surface area of metal particles. This is consistent with the results showing in this work, where the particle size of NiO of around 23 nm was found to produce higher yield of carbon compared to the Ni/SiO 2 -S catalyst having NiO particle sizes around 8 nm.
In addition, Cheung et al. [48] carried out a diameter-controlled synthesis of carbon nanotubes using iron particles with different diameters (3, 9 and 13 nm); CNTs with average diameters of 3, 7 and 12 nm were reported to be produced, respectively. Ding et al. [49] carried out a molecular dynamic study in relation to the influence of catalyst particle size on growth mechanism and structure of carbon nanotubes. They reported that large catalyst particles containing at least 20 atoms generated CNTs with much better tubular structure compared to CNTs nucleated from smaller clusters [49] .
Conclusions
Carbon nanotubes and hydrogen were successfully produced from thermo-chemical processing of waste polypropylene using Ni/SiO 2 and Fe/SiO 2 catalysts with different particle sizes. The Fe-based catalyst 
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Journal of Analytical and Applied Pyrolysis 125 (2017) [32] [33] [34] [35] [36] [37] [38] [39] with the largest metal particles resulted in the highest hydrogen production (25.60 mmol g −1 plastic) and the highest yield of carbon (29 wt.%). It is suggested to be due to a high carbon solubility of iron metal particles compared to Ni-based catalysts. The consistency between metal particle size and the diameter of CNTs was observed in this work, as the catalysts with different metal particle sizes generated the CNTs with the corresponding diameters. In addition, a strong interaction between Ni and SiO 2 support is suggested to suppress the growth of CNTs, while many amorphous carbons were produced using the Ni/ SiO 2 -S catalyst.
